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ABSTRACT  9 

Establishing mutational outcomes after genome editing is of increasing importance with the advent 10 

of highly efficient genome-targeting tools. Next-generation sequencing (NGS) has become a vital 11 

method to investigate the extent of mutagenesis at specific target sites. Thus, robust and simple-to-12 

use software that enables researchers to retrieve mutation profiles from NGS data is needed. Here, 13 

we present Sequence Interrogation and Quantification (SIQ), a tool that can analyse sequence data 14 

of any targeted experiment (e.g. CRISPR, I-SceI, TALENs) with a focus on event classification such as 15 

deletions, single-nucleotide variations, (templated) insertions and tandem duplications. SIQ results 16 

can be directly analysed and visualized via SIQPlotteR, an interactive web tool that we made freely 17 

available. Using novel and insightful tornado plot visualizations as outputs we illustrate that SIQ 18 

readily identifies differences in mutational signatures obtained from various DNA-repair deficient 19 

genetic backgrounds. SIQ greatly facilitates the interpretation of complex sequence data by 20 

establishing mutational profiles at specific loci and is, to our knowledge, the first tool that can 21 

analyse Sanger sequence data as well as short and long-read NGS data (e.g. Illumina and PacBio).  22 

 23 

INTRODUCTION 24 

The broad implementation of CRISPR technology in biological and biomedical research has led to an 25 

expansion of approaches that rely on robust and correct interpretation of sequence changes that 26 

result from repair of single-strand or double-strand DNA breaks. All outcomes combined thus 27 

represent the repair profile of a particular DNA damage in a particular cellular or organismal context. 28 

Upon experimental perturbations, deep-sequencing of PCR amplicons using NGS techniques has 29 

become a valuable tool to obtain detailed information of the underlying mutagenic mechanisms. Yet, 30 

not all researchers are able to analyse these data as there is a lack of tools that are designed to be 31 

used by researchers without training in informatics. To meet this increasingly growing demand, we 32 

designed and created SIQ, for Sequence Interrogation and Quantification. SIQ, which can be run on 33 

any computer system and uses the raw sequencing files as input to classify and quantify the 34 

identified sequence variants. It can run multiple files simultaneously and the resulting Excel file can 35 
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be data-mined but also uploaded in SIQPlotteR, an interactive web tool we designed that allows for 36 

extensive data visualization and exploration (https://siq.researchlumc.nl/SIQPlotteR/). 37 

 38 

RESULTS 39 

SIQ method 40 

SIQ utilizes data obtained by sequencing PCR products covering a target site of interest that, for 41 

instance, has been targeted in vivo by a nuclease and subsequently has been repaired by cellular 42 

repair pathways (Figure 1A). It can process collections of capillary (Sanger) sequences, each 43 

containing a single mutation, but the true strength of SIQ is that it can identify mutational profiles in 44 

pooled DNA containing an extensive mix of mutational outcomes and deep sequenced by NGS 45 

methods (Figure S1). For SIQ-analysis of experiments where short-read sequencing will be applied 46 

(i.e. Illumina paired-end sequencing) we recommend a PCR amplicon of <290bp (for 2x150bp paired-47 

end reads) or <580bp (for 2x300bp paired-end reads) to ensure that the reads contain some overlap. 48 

For long-read sequencing these criteria do not apply and larger amplicons can be used (e.g. >3kb).  49 

 50 

NGS data can directly be analysed by SIQ, which includes a graphical user interface, designed to run 51 

on any operating system (Windows, Linux, MacOS, Figure S2). SIQ can also run from the command 52 

line, if desired. Apart from sequence data, SIQ requires a reference DNA sequence as input. What 53 

sets SIQ apart from other mapping approaches is that it is specifically designed to detect sequence 54 

changes at an expected target site (e.g. a CRISPR/Cas9, Cas12, I-SceI, TALEN, base-editor or AsiSi site) 55 

to focus on identifying variants at or in close proximity to the expected target site. This is achieved 56 

by performing a k-mer mapping strategy which detects matching sequences flanking the target site. 57 

If paired-end reads are used as input, they are first merged into a single read (via FLASH2 (1)). Reads 58 

are then passed through various filters, which includes removing low-quality and non-informative 59 

bases. Reads that pass the filters are mapped to the reference DNA file (Figure 1A). 60 

Subsequently, event classification is carried out using categories that reflect common genetic 61 

variations, such as deletion, insertion, single-nucleotide variations (SNVs) and wild-type. Additional 62 

classification concerns deletions that also contain unmatched bases in between the deletion 63 

junctions, hence reflecting insertions. For cases in which (part of) the insertion can be reliably 64 

matched (surviving statistical scrutiny) to DNA sequences surrounding the mutation, the event is 65 

classified as a templated insertion. Such templated insertions have been previously shown to be a 66 

unique hallmark of the double-strand break repair pathway theta-mediated end-joining (TMEJ) (2). 67 

Another classification that SIQ reports are tandem duplications: an insertion (≥6bp) that is an exact 68 

duplicate of the DNA sequence immediately flanking it. Especially Cas9 nickase enzymes, combined 69 
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with two sgRNAs targeting opposite strands, produce DNA breaks with protruding ends resulting in 70 

this type of genetic alterations (3-6). Finally, SIQ is also able to detect precise gene editing outcomes 71 

by matching the reads to a supplied repair template; such events are classified as homology-directed 72 

repair (HDR). In addition to event classification, additional metadata such as event location with 73 

respect to cut site, size, and micro-homology usage are determined. SIQ can process multiple 74 

sequence files and targets simultaneously: even on a regular computer SIQ can analyse millions of 75 

reads per minute. 76 

 77 

The output of SIQ is an Excel table, which can be analysed directly, or be processed through a 78 

dedicated web-tool called SIQPlotteR, which we made publicly available: 79 

https://siq.researchlumc.nl/SIQPlotteR/; SIQPlotteR can also be installed locally.  80 

We created SIQPlotter as we experienced that the amount of data produced by targeted sequence 81 

experiments requires condensed data visualizations as well as an interactive environment to allow 82 

researchers to explore the data from different angles. To capture the entire spectrum of mutational 83 

outcomes we developed a novel visualisation that we termed ‘tornado plot’, which shows in a single 84 

graph the repair outcome type, the weight of each mutation, the extent of micro-homology at the 85 

junctions, and the location of the event with respect to the target site (Figure 1B).  86 

 87 

Mutation analysis on cells treated with CRISPR-Cas9 variants 88 

To showcase SIQ, we processed a series of experiments. We induced double-strand breaks (DSBs) 89 

with different configurations in mouse ES (mES) cells: blunt DSBs using wild-type Cas9, and DSBs 90 

with 5’ and 3’ protruding overhangs using Cas9 nickases (Cas9D10A and Cas9N863A, respectively). In 91 

addition to wild-type mES cells we included cells with a deficiency in PolJ, which is critically 92 

important for TMEJ, and cells with a deficiency in Ku80, which is a key factor in non-homologous 93 

end-joining (NHEJ). To generate data sets rich with different variants we targeted the selectable 94 

gene Hprt, which when mutated, confers resistance to treatment with 6-thio guanine (6-TG). DNA 95 

from 6-TG-resistant cells was isolated for each cell line and amplified using specific primers 96 

(Supplemental Table 1). Deep sequencing was performed on these amplicons and the data was 97 

analysed by SIQ and subsequently visualized using SIQplotteR (Figure 2). Importantly, cellular 98 

selection is not a prerequisite for establishing detailed mutation profiles as NGS data from pools of 99 

unselected cells also produce a wide spectrum of mutational outcomes, even if they contain up to 90% 100 

wild-type reads, which can be filtered out in SIQplotteR (Figure 1B). 101 

 102 
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Figure 2 demonstrates that SIQPlotteR visualizes SIQ-processed NGS data in intuitively interpretable 103 

formats, which can be adapted in several dimensions (types of outcome to visualize; scales; colour 104 

coding; sorting, Figure S3). Furthermore, the data obtained with SIQ-analysis recapitulates the repair 105 

profiles that have been previously found for the tested conditions. Cas9 WT and Cas9 nickase 106 

variants produce entirely different mutation profiles: Cas9 WT-induced blunt DSBs creates small 107 

deletions that, in mES cells, are characterized by micro-homology and 1bp insertions; Cas9 nickase-108 

induced DSBs with 3’ overhangs (Cas9N863A) predominantly give rise to tandem duplications, 109 

whereas DSBs with 5’ overhangs (Cas9D10A) mostly produce deletions in which the 5’ protruding 110 

sequence has been lost, but also tandem duplications, in which fill-in has occurred (Figure 2A-C, 111 

Figure S4) (6, 7). Overtly different mutation profiles are produced in cells that contain DNA-repair 112 

deficiencies, such as in TMEJ and NHEJ deficient cells. Confirming published work, Figure 2 shows a 113 

prominent role for PolJ in mutagenic repair of DSBs induced by Cas9 WT, leading to a characteristic 114 

micro-homology-mediated repair profile (i.e. the two blue blocks, Figure 2A, Figure 2E) (6, 8). The 115 

action of NHEJ can also be observed in wild-type cells, as it is reflected by the presence of 1 bp 116 

insertions (Figure 2A and 2D, purple) that are KU80 dependent. In addition, Figure 2D further 117 

highlights the following genetic requirements: i) a PolJ dependency for deletions containing 118 

templated insertions, which are increasingly manifest in Ku80
-/- cells, ii) a Ku80 dependency for 119 

tandem duplications at DBS having 5’ protruding ends, and iii) also a Ku80 dependency for tandem 120 

duplications at DBS having 3’ protruding ends. 121 

 122 

To illustrate the ability of SIQ to determine mutation spectra that are the consequence of repair of 123 

other types of DNA damage than nuclease-induced DBSs we analysed two data sets. First, we used 124 

data derived from C. elegans FancJ mutants in which DSBs spontaneously occur at G-rich sequences, 125 

as these can form stable DNA secondary structures called G-quadruplexes (G4s), which impede 126 

ongoing DNA replication (9). In the absence of FANCJ/DOG-1 in C. elegans genomic deletions arise 127 

that have lost a G4 motif as well as 50-200 bases of downstream sequence (10-12). Performing SIQ 128 

on NGS data of targeted sequencing around such G4 sites in worm populations produce G4 deletion 129 

spectra that recapitulates repair of G4-induced DSBs at an unprecedented scale (Figure 2F).  Second, 130 

we used published data from another research group that used base-editing CRISPR-technology to 131 

induce specific base-substitutions at the EMX1 locus in HEK293T cells (13). Figure 2G shows the 132 

output of SIQplotteR that visualises the presence of base alterations at a given target, in this case 133 

the result of base-editing EMX1 in HEK293T cells, which are dominated by mutations to TT at the 134 

target site (Figure 2G). 135 

 136 
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SIQ on long-read PacBio data 137 

While short read sequencing (e.g. by illumina platforms) is often informative and affordable, the use 138 

of long-read sequencing starts to gain momentum as it allows for inclusion of large structural 139 

variants in the analysis. Yet also for their output, easy processing tools for user-friendly 140 

quantification and inspection are grosso modo missing. Therefore, we designed the current version 141 

of SIQ to also create mutation profiles from long-read NGS data (i.e. PacBio data). To generate proof 142 

of concept we isolated DNA from cells that were transfected with Cas9WT and either of two 143 

different sgRNAs that induce DSBs in exon 3 of the Hprt gene. We designed primers to produce 144 

amplicons of 270bp and 3kb (Figure 3A) to compare short and long-read sequencing. PCR products 145 

were obtained and sequenced on a PacBio sequelII and on an Illumina HiSeq. In the size range 146 

covered by both technologies (0-200bp), we find SIQ to produce comparable spectra (Figure S4C-E). 147 

Using PacBio sequencing we can detect mutations that otherwise would be missed in Illumina 148 

sequencing as those events remove either one or both of the primers used for amplification, which 149 

constituted 8% and 12% of events, respectively (Figure 3B and 3D). In terms of mutation types 150 

(Figure 3C) and homology at the junctions (Figure 3E) the two sequence methods generate 151 

comparable footprints, with the exception of deletions with insertions (delins), which are more 152 

frequently found in PacBio data (Figure 3C). While the additional mutations detected in PacBio 153 

versus Illumina sequencing on these CRISPR sites in mES cells may appear relatively modest, 154 

research has shown that such large deletions may occur more frequently in certain cell types and 155 

species and that long-read sequencing provides a powerful method to detect undesired genome 156 

modifications (14). 157 

 158 

DISCUSSION 159 

Advantages of SIQ 160 

Here, we have developed user-friendly software to translate complex NGS outcomes into an Excel 161 

file format that allows for multifactorial data-mining, and into intuitive and easily amendable 162 

graphics to facilitate interpretation. Because SIQ only needs NGS output and a reference target that 163 

is suspected of having mutations, it can be used to create mutation profiles for a wide range of 164 

experimental approaches which apart from the now common CRISPR/Cas9 technology include 165 

targeting by base editors, TALENs, endonucleases, (plasmid based-)DNA crosslinks and replication 166 

blocks (e.g. via G4 quadruplexes).  167 

 168 

SIQ is designed to facilitate researchers that do not have in-depth knowledge on how to handle NGS 169 

data, or are not skilled in programming: a user can simply select the amplicon NGS files to be 170 
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analysed and input the DNA reference. Once the target location(s) are set and the primers used are 171 

added (optionally), analysis can commence. When analysis is complete the resulting Excel table can 172 

be data-mined via the numerous parameters that are annotated to each mutational outcome. The 173 

Excel table can also be directly uploaded in SIQPlotteR to analyse data quality as well as to generate 174 

various interactive data visualizations. We have included visualizations that show: quality control, 175 

targeting frequency, repair-type classification, size alteration, micro-homology, SNV alteration and 176 

the insightful tornado plots. For all of these plots we allow users to filter experiments based on the 177 

number of reads or event type, select and sort samples, choose colours and to finally export their 178 

plots to a PDF format. To be able to test the utility of SIQ we uploaded data used in this manuscript 179 

to be directly tried in SIQPlotteR (https://siq.researchlumc.nl/SIQPlotteR). 180 

 181 

Comparison to other methods 182 

In recent years several tools have been created to analyse amplicon data, such as Amplican (15), 183 

Crispresso2 (16), CrispRvariants (17), ScarMapper (18) and CRISPAltRations (19). In general, these 184 

tools have been designed to analyse a specific type of CRISPR editing. Some tools, such as 185 

CRISPAltRations are specifically trained to detect CRISPR edits in a limited window around the break 186 

site, precluding detection of other types of events, such as large deletions, or its use in analysing 187 

experiments that employ other means of creating DNA alterations. While most tools provide basic 188 

classification of events, such as deletions and insertions, none of these report tandem duplications 189 

or templated insertions. 190 

 191 

Apart from generating multi-dimensional output visualizations, that can easily be modified, another 192 

major difference to the now available tools is the ease of installation and usage of SIQ. Some of the 193 

current tools require additional software dependencies to be installed, or cannot be run from 194 

Windows. We feel that in most cases, (bio)informatic expertise is needed or nearby experts to install 195 

the software and run analyses. To optimally facilitate unrestricted data processing, without 196 

restrictions on accessibility, file size, number limits, we developed SIQ to not depend on websites, 197 

but instead operate on a local computer and to implement it in Java to allow researchers to simply 198 

launch SIQ upon download. 199 

 200 

MATERIAL AND METHODS 201 

Cell culture and transfection 202 

129/Ola-derived IB10 mouse embryonic stem (mES) cells were cultured on gelatin-coated plates in 203 

Buffalo rat liver (BRL)-conditioned mES cell medium (Dulbecco’s modified Eagle’s medium (Gibco) 204 
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supplemented with 100 U/ml penicillin, 100Jμg/ml streptomycin, 2JmM GlutaMAX, 1JmM sodium 205 

pyruvate, 1× non-essential amino acids, 100JμM β-mercaptoethanol (all from Gibco), 10% fetal calf 206 

serum and leukemia inhibitory factor). HPRT-eGFP wild-type, Polq
-/- and Ku80

-/- mES cells were 207 

generated as previously described (7). Cells were transfected in suspension using a lipofectamine 208 

2000 (Invitrogen):DNA ratio of 2.4:1. Briefly, 1.5J×J10
6
 cells were transfected using 3Jµg of total 209 

DNA and incubated for 30Jmin at 37J°C and 5% CO2 in round-bottom tubes, subsequently cells were 210 

seeded on gelatin-coated plates containing BRL-conditioned medium.  211 

 212 

HPRT-targeting assay 213 

spSpCas9(BB)-2A-GFP (a gift from Feng Zhang, Addgene plasmid #48138), pU6-(BbsI)_CBh-Cas9-T2A-214 

mCherry (a gift from Ralf Kuehn, Addgene plasmid #64324) and CBh-Cas9-Nickase-T2A-mCherry 215 

constructs containing sgRNAs were used to transfect mES cells (7). One day after transfection, the 216 

medium was refreshed. Cells were subcultured and HPRT-mutant cells were selected 7 days post-217 

transfection by either sorting ≥100,000 GFP-negative cells on a BD FACSAria III (using BD FACSDiva 218 

software version 9.0.1, BD Biosciences) or by seeding 500,000 cells in 6-thioguanine containing 219 

medium, subsequently cells were allowed to grow for 5–7 days.  220 

Targeted sequencing of Cas9-induced repair outcomes 221 

Samples for short-read (Illumina) sequencing were prepared essentially as described before (7). 222 

Briefly, genomic DNA was isolated and primers specific for the targeted regions were selected 223 

(Supplementary Table 1) that yield a ~150-200 bp product on wild-type alleles and that contain 224 

adaptors for the p5 and p7 index primers (5’- GATGTGTATAAGAGACAG-3’ and 5’-225 

CGTGTGCTCTTCCGATCT-3’ respectively). These primers were used to amplify the targeted region, 226 

PCR products were subsequently purified using AMPure XP beads (Beckman Coulter) according to 227 

the manufacturer protocol and DNA was eluted in 20 µl MQ. Flow-cell adaptor sequences were 228 

added by performing PCRs with 5 µl purified PCR-product and 0.3 µM of p5 and p7 index primers. 229 

The PCR products were purified with AMPure XP beads and eluted in 20 µl MQ. PCR samples were 230 

pooled at equimolar concentrations per target-specific PCR. The quality and quantity of these pools 231 

were analysed using a High Sensitivity DNA chip on a Bioanalyzer (Agilent) which was used to 232 

generate an equimolar library that was sequenced on a NovaSeq6000 or HiSeq4000 (Illumina) by 233 

150-bp paired-end sequencing.  234 

For PacBio sequencing, 5' Amino Modifier C6 (5AmMC6) modified primers (IDT) were designed 235 

(Supplementary Table 1) to yield a ~3500 bp product on wild-type alleles and that are tailed with 236 

universal sequences (5’-5AmMC6/GCAGTCGAACATGTAGCTGACTCAGGTCAC/Forward_sequence-3’ 237 
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and 5’-5AmMC6/TGGATC-ACTTGTGCAAGCATCACATCGTAG/Reverse_sequence-3’). These primers 238 

were used to amplify the targeted region in 25 µl reactions using the PrimeSTAR GXL kit (Takara) and 239 

the following conditions: 98 °C for 30 s, 20 cycles of 95 °C for 15 s, 60 °C for 15 s and 68 °C for 4 min, 240 

and the final extension 68 °C for 7 min. Next, 2.5 – 3.5 ng round-one PCR product and Barcoded 241 

Universal Primers were used in a second-round PCR with PrimeSTAR GXL and the following 242 

conditions: 98 °C for 30 s, 20 cycles of 95 °C for 15 s, 64 °C for 15 s and 68 °C for 4 min, and the final 243 

extension 68 °C for 7 min. DNA concentrations were measured using the Quant-iT dsDNA assay kit 244 

and the Qubit Fluorometer (both Thermo Fisher Scientific) according to the manufacturer’s protocol 245 

and PCR samples were pooled at equimolar concentrations to contain 1000-2000ng of DNA in total, 246 

the quality of these pools were analysed on the Femto pulse system (Agilent). SMRTbell library 247 

preparation was performed on 1000 ng purified PCR pool following the Procedure & Checklist - 248 

Amplicon Template Preparation and Sequencing (PN 100-815-000 Version 04, Pacific Biosciences) 249 

and using SMRTbell Express Template Prep Kit 2.0. The library was sequenced on SequelII using 250 

sequencing primer V4, Sequencing kit 2.0 and Binding kit 2.0 on an 8M SMRT cell with a movie time 251 

of 30 hr. Circular consensus sequences were generated with ccs version 6.0.0 (commit v6.0.0-2-252 

gf165cc26) and barcodes were demultiplexed using lima 2.0.0 (commit v2.0.0). 253 

 254 

SIQ implementation 255 

SIQ is implemented in Java to be run on any operating system and requires at least Java 8 to run. As 256 

an initial check SIQ checks if all files can be located. In addition the user can (strongly recommended) 257 

define flanks, which define the expected target site (e.g. a CRISPR cut site). The middle between the 258 

left and right flank defines the expected target site and that location is set to 0. The provided flanks 259 

should be ≥15bp and are required to be present in the reference sequence. For target where two 260 

targets are used (e.g. if two sgRNAs are used) the flanks can be separated: the end of the left flank 261 

defines one target site and the start of the right flank defines the second target site. The primer used 262 

to perform the experiment can also be supplied (recommended) and need to be present in the 263 

reference DNA sequence as well. The primer sequences are used to ensure reads start within the 264 

defined primers. If both R1 and R2 NGS files are supplied, SIQ attempts to merge the paired-end 265 

data using Flash (v2.2.00) (1). SIQ then uses the merged file (or only the file in R1 if that was 266 

supplied) to map. For short-read data it will initially check the orientation of the reads and assume 267 

the same orientation is used throughout. For PacBio data the reads are used in both forward or 268 

reverse complement orientation, depending on the read. Bases below a base quality threshold are 269 

cut off, leaving a high quality read. That read is then mapped to the supplied reference. For short-270 

read sequencing the read should start within the primer binding sites and the detected event should 271 
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start at least 5 bases (optional and configurable) away from the primer binding sites. This ensures 272 

mutagenic events are only detected if the primers annealed at the intended location in the DNA. SIQ 273 

classifies the reads based on the difference with the provided reference sequence and outputs an 274 

Excel table. 275 

Templated insertions are insertions that are copied from a nearby stretch of DNA. To determine if a 276 

delins (deletion with insertion) is a templated insertion the inserted sequence is searched around 277 

the deletion junction. This is only performed for delins with an insertion of ≥6bp as it is not possible 278 

for smaller insertions to determine the origin of the insertion (random chance of finding that 279 

sequence is too high). The search space is predefined to 100bp (configurable) up- and downstream 280 

of the left junction (start point of the deletion) and the right junction (endpoint of the deletion) in 281 

both forward and reverse complement orientation and selects the largest overlapping sequence 282 

with the insert. A test is then performed to ensure that the probability of finding such a match is 283 

<10% when the junctions are shuffled. So only if an insertion with a large enough match in the flank 284 

is found it is classified as a templated insertion (tins). 285 

Tandem duplications are insertions that exactly match the left or right junction and are ≥6 286 

nucleotides long. Tandem duplication compound (TD+) are insertions where part of the insertion 287 

exactly matches the left or right junction. 288 

SIQPlotteR implementation 289 

SIQPlotteR code was written using R (https://www.r-project.org) and Rstudio 290 

(https://www.rstudio.com). To run the app, several freely available packages are required: shiny, 291 

ggplot2, dplyr, lobstr, colourpicker, grid, gridExtra, readxl, shinyWidgets, tidyr, RColorBrewer, 292 

sortable, ggpubr, ggrepel, DT, gplots, FactoMineR, factoextra, umap. Up-to-date code and new 293 

releases will be made available on GitHub, together with information on running the shiny app 294 

locally: https://github.com/RobinVanSchendel/SIQ. 295 

The GitHub page of SIQ is the preferred way to communicate issues and request features 296 

(https://github.com/RobinVanSchendel/SIQ/issues). Alternatively, users can contact the developers 297 

by e-mail or Twitter. Contact information is found on the GitHub page. SIQPlotteR can be installed 298 

locally or you can use the available website to analyse SIQ output: 299 

https://siq.researchlumc.nl/SIQPlotteR/ 300 

Generation of in silico datasets 301 

To generate in silico datasets we generated 267 datasets based on target sites in the human 302 

genome. For each dataset set we created 11 subsets with a variable mutation frequency ranging 303 
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from 0 – 1 with 0.1 step size. For each subset we created 10,000 reads that were either wild-type or 304 

contained deletions and insertions ranging from -25 to +25 bp. To introduce sequencing errors into 305 

our sets we ran ART (20) to obtain a set with sequencing errors (options used: -na -ss HSXn -qs 10 -306 

qs2 10). These sets were subsequently analysed by SIQ, Crispresso2 (16)and Amplican (15). 307 

C. elegans G4 experiment 308 

A single animal of the strain XF1520 with genotype dog-1(gk10) was put on a 6cm dish containing 309 

NGM and OP50. One week after plating the plate was full and animals were rinsed off in MQ, 310 

washed five times with MQ, and DNA was isolated using a DNA blood & tissue culture kit (Qiagen) 311 

following the manufacturer’s protocol. 1μl of DNA was PCRed using primers at the G4 site qua2478 312 

(see Supplemental Table 1) and processed as described above to generate an NGS library. 313 

AVAILABILITY 314 

The latest version of SIQ and SIQPlotteR are available in the GitHub repository 315 

(https://github.com/RobinVanSchendel/SIQ). Since this software is commonly used in our lab we 316 

expect to develop and extend it further in the future. 317 

ACCESSION NUMBERS 318 

The raw targeted sequencing data generated in this study has been deposited in the NCBI SRA 319 

database under accession PRJNA802705. The base editor data for EMX1 used for Figure 2G was 320 

downloaded from accession number SRR3305545. CAS9D10A data was previously generated and can 321 

be found in accession numbers: SRR12079930, SRR12079938 and SRR12079923, and Cas9N863A in 322 

WT cells in accession number SRR12079956. 323 

 324 

SUPPLEMENTARY DATA 325 

Supplementary Table 1 – Primer sequences used for NGS 326 

Supplementary Table 2 – sgRNA sequences used in this study 327 
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TABLE AND FIGURE LEGENDS 336 

Figure 1. Implementation of SIQ 337 

A) Schematic illustration of SIQ. NGS or Sanger sequencing on a PCR amplicon is required as input for 338 

SIQ, together with a reference DNA fasta file. Reads are optionally merged and SIQ produces an 339 

Excel output table, which can also directly be analysed by SIQPlotteR. B) Examples of SIQPlotteR 340 

tornado plot visualisations for a target site in the mouse HPRT gene exon 2. Each colour represents 341 

an event type and the height of each colour represents the contribution to the total fraction. The 342 

white space represents the deletion size for each event. For deletions additional colouring is added, 343 

based on the extent of micro-homology found at the junctions or the presence of insertions. Left 344 

panel shows all events, right panel excludes the wild-type events. 345 

Figure 2. Showcasing SIQ capabilities 346 

A) Tornado plot representation of mutation profiles at Cas9-induced DSB in mES cells of the 347 

indicated genotypes, which were transfected with Cas9WT and HPRT_Ex3.1 sgRNA. Data is plotted 348 

relative to the Cas9WT break site (at 0) and sorted by deletion size. Tins (templated insertions, see 349 

Methods), 1bp insertions, insertions and deletion insertions (delins) are colour-coded. The degree of 350 

blue colouring reflects the extent of micro-homology found at the deletion junction. B) Similar to A, 351 

but for WT cells transfected with Cas9D10A in combination with two sgRNAs in opposite strands of 352 

the DNA to create a break with a 5’ overhang of 50bp. Td and td+ (tandem duplication and tandem 353 

duplication compound, see Methods) are depicted in orange and indicate the DNA that has been 354 

duplicated. C) Similar to A, but for WT cells transfected with Cas9N863A in combination with two 355 

sgRNAs in opposite strand of the DNA to create a break with a 3’ overhang of 43bp. D) Fraction of 356 

mutation types identified for each Cas9 variant in mES cells with indicated genotypes. E) The degree 357 

of micro-homology that is found at the junctions of deletions and tandem duplications for each Cas9 358 

variants in the mES cells with the indicated genotype. F) Tornado plot (inverted) representing the 359 

mutation profile at a G4 site in DNA extracted from DOG-1 deficient C. elegans. The PCR strategy 360 

chosen generates a ~350bp PCR product, which excludes wild-type events from being detected 361 

(reads are 2x150bp). Deletion products are ordered on end position. G) A SNV-alteration plot that 362 

displays base-editing at an EMX1 site in data obtained from (13). The x-axis displays the location 363 

relative to the target site and the y-axis the fraction of total reads. Dinucleotide SNVs are detected 364 

as delins (del = 2, ins = 2) and can be optionally displayed in SIQPlotteR.  365 

Figure 3. SIQ on PacBio data 366 

A) PCR strategy for Illumina and PacBio sequencing of the mouse HPRT gene targeted at exon 3 with 367 

either HPRT_Ex3.1 or Ex3.2 sgRNA. B) Tornado plot representation of mutation profiles at Cas9-368 

induced DSB in mES cells, which were transfected with Cas9WT and HPRT_Ex3.1 sgRNA and 369 
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sequenced with Illumina or PacBio. Data is plotted relative to the Cas9WT break site (at 0) and 370 

sorted by deletion size. Tins (templated insertions, see Methods), 1bp insertions, insertions and 371 

deletion insertions (delins) are colour-coded. The degree of blue colouring reflects the extent of 372 

micro-homology found at the deletion junction. C) Fraction of mutation types identified for 373 

HPRT_Ex3.1 and HPRT_Ex3.2 for the indicated sequencing strategy. D) As in B, but now for 374 

HPRT_Ex3.2. E) The degree of micro-homology that is found at the junctions of deletions for 375 

HPRT_Ex3.1 and HPRT_Ex3.2 for the indicated sequencing strategy. 376 
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